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Abstract

4EA DPAPAO EO AEIi AA AO AOOAOOEI ¢ OEA AOOT AEAOETT O AAOxAAI

the East Siberian boreal forest. We examined the relationship between the function of = their use, and management and
OEA xEI AEOA ECGCTI EOEITh DPOI PACAOEI T h AT A OAOI ET AOEIT1T AOOET ¢
Document analysis and interviews were utilized to identify main forest users and road infrastmture functional types and
AgAil ETA xEI AEOA 1 AT ACAT AT O POAAOEA 7A AT 1T AETAA AT i1 O1EO
OAl1 AGET T OEEPO AAOxAAT OEA 11TAAOCEITh A@gOAT Oh AT A Odfriergla@ 1 £
OOPPOAOOETT AAAAOO PIET OO8 /1 OO OOOAU ATT £O0I O A 0001 1T C OPA
AEEZAOAT OEAOAA AU OEAEO OUPAO xEOE OEA EECEAOO DOl Aédneel EOU
Ol AAG8 21 AAO Al 0 bPI AU Al EIiI PI OOAT O OI1T A ET xEI AEOA 0O0OPDPO
MAELECEOAOO8 / OO OAOAAOAE EI 1 OOOOAC T £ 11TA,

by authorities and local communities.
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1. Introduction

7E1 AEOAOG AOA 1TT1TA 1 &£ OEA
agents globally, and forests in particular Thonicke et al.
2001). The effectsof forest Ates, suchasa decreasein air qual-
ity, are observed far beyond the forst regions (Kharuk et al.
202108 7EEI A AEOAOG AOA 1T AOOOAI
sive burning, and particularly humanA A O OA A
rupts provision of ecosystemservicesand exacerbatesclimate
change by transforming carbon cycling and storage (Mack
et al. 2011, Panet al. 2011, Gibsonet al. 2018 Chen et al.
2021). Meanwhile, with climate change there is an increase
of x E1 A /AQhk @rctic and boreal forest (taiga) in terms
of both spatio-temporal extent and intensity (Kasischkeet al.
1995; Flannigan et al. 2009 Kelly et al. 2013 Aponte et al.
2016; Wotton et al. 2017 Masrur et al. 2018. In particular,
Siberianboreal forest x E 1 A Be0Galn€an important topic in
global O A E A Wiselsgiohsin recent yearsdue to their large
scale and linkages to globally and regionally critical environ
mental changes lack et al. 202).

Usually,upto 90% x E 1 A sE@dbdreal forest andtundra
are attributed to lightning strikes (Veraverbeke et al. 2017
Kharuk et al. 2021), while anthropogenic impact is consid-
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ered a relatively minor cause Coogan et al. 202)) although

i AsErble ofteh gnAréade® mithithe AxbaD<ib® OfAhAnhafd

tivity in forests (Kasischke and Turetsky 2006 CamposRuiz

etal. 201808 9 AOh A oQdgeigapAmAinsin ui 1
derstanding humanET AOAAA xEI AEOAOG AO i
distuption&in Gdrargnatdré fel@idr® dAdia@d by Atead A O

x E1 A #kotdr©develdpinént. Meanwhile, the expanding infrastrue

ture development in the Arctic and subarctic regions has un
certain environmental, economic, and cultural implications
(Raynoldset al. 2013; Walker and Peirce2015; Schweitzeret
al. 2017).

Siberia is well suited for examining the role of road in
AOAOOOOAOOOA ET AT OAA1T A& OAOGO
vast forest cover, a variety of human activities, and rapidly
increasing infrastructure presence due to growingextrac-
tive industry. There is evidence of existing effects of infras
OOOAOOOA 11T AT OAAT &I OAOO xEI A
OOPPOAOOEIT AO DPOT AAAEI EOU 1 &
strong correlations with human infrastructure and associ
ated activities (Nami et al. 2019. Moreover, among different
forms of infrastructure researchersnoted a higher role of hu-

man transportation networks than human settlement in Ate
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ignition regime (Gralewicz et al. 2012. In the boreal forest, still a lack of knowledge about ceproduction between re-

road networks are famed by a variety of road types, most searchers and local and Indigenous communities iBiberia

prominently forestry roads and subsistence trails. In addi xE1 AAZOA OOOAEAOS

tion, linear clearingsthat accompanyextractive industrial de- Collaboration with local and Indigenous communities is

velopment can also serve as local roadways and as such-be especially important for studies of underground smoldering

come the major component of infrastructure Kuklina et al. j OT OA O x E He&s k& Bré diffcull to detectusing tradi-

2020). Most roads in the forest arenformal, i.e., not actively tional remote sensing methods and often requée additional

maintained or governed by the state, but rather controlled ground truthing to be captured (McCartyet al. 2020; Scholten

and managedby private parties (suchasforest companies)or et al. 2021). Yet, they may constitute a large share of wild

local communities. AOA AAOEOGEOU EI Qi KAAUDAAOD jERE
A more detailed analysis of correlations between different in 2015 (York and Jandt 201%), and likely to become more

forms of anthropogenic features and thermal anomalies by common as climate changes(lrannezhad et al. 2020). That

Kovacset al. (2004) found the strongestrelationship between is where the local and Indigenous knowledge is becoming

forest Afes and proximity to roads,followed by the proximity the most useful. Observations by Indigenous peoples, local

to railroads and settlements in Central Siberia. Recent stud hunters, and other residents become instrumental in deteet

EAO T £ ET £OAOOOOAOOOA Allafion-x EihglamB@dsGribirgy AésA phendmenad 1 ET AAO OA

ship between the density of forest roads and the density of The goal of this paperis to assesghe associationsbetween

xEl ABEOAO ET OEA ) OEOOOE 2ACKEI AEOAKEI EEKOEOEAT AC DIOADBA CADEDODI

(lesnichestvp(Boldanovaet al. 2017). Anincreasein x E 1 Ao&O Amal road network geography in the East Siberian boreal fer

currences was also observed near logging site®4vlichenko A OO08 )T BDHAOOEAOI AOh xA & AOO 1

201708 -1 OAT OAOh OEAOA EO A OE A2A16 Avnist® Bf Aldurak FeboArgE©dnd EnirannénEadtle E A

beenexacerbatedby illegal logging (Kukavskayaet al. 2013).  Irkutsk Region 2021q x EAT OEA xEI AEOAO /

Deforestation related to mining and logging operations also tionally large area in the Irkutsk Region.

AAOOAO AEAT CAO EI KiiliA & &.£020. £0 A WO BygohéskeOthat there is a relationship beteen the
2A0AAOAEAOO EAAT OEAAA A EE Jundtiah ofircdds AHeir usemadagefnent, andl atcess Ee@ried O

bance and metal structures erected along the roadsascon 11 T T A EAT Ah AT A xEI AEOA ECIT E
tributing factors to lightning-caused ke ignitions (lvanov nation (either active or passive), on the other. To collect evi
et al. 2009 Arienti et al. 201008 )1 AAAEOE]| idénce inbakdk & Againsidtitisl hypothesis, we pursue the fol

physical condtions in the nearroad areas also contribute to  lowing objectives:
faster spreadof Afe than in the surrounding area(lvanov and
Moskalchenko 2019.

At the same time, availability of road networks is also im
portant for AEe suppressionasit allows 4D A A£C Beafdac
cess to the burning areas. The absence of roads leads to a re
sponsefailure and Zte propagation over larger areas(Arienti
et al. 2011 Boldanovaet al. 2017). While in the Soviet times

1) identify main forest users and road infrastructure fune
tional types in the study area;

2) AGAT ET A xEI AEOA 1 AT ACAT AT O ¢
users;

3) useremote sensingdatato detectx E | Ackz®eBteristics,

the problem of accessvassolvedby the x T O | lafigastnerial including ignition location, propagation, and termination
/O A £C By&dm(Ryne2012), currently the lack of funding in 2016; . .
ETAGAAGAG OEA OAI EATAA 11 - ¢Oi% ATTHUA BTG AN Enpiel 2pnged Ao,
tinguishing (Podolskaiaet al. 2020). It meansthat Aesin the to assess the relationship betweer the location, extent,
. : ' ' . and timing ofx E1 A/EOAO ADBDPAG A&EAOAIT BA
areasinaccessibleby ground transportation are suppressed . . -
. ) - . . sources, barriers, and suppression access points.
only if they are in the vicinity of villages and infrastructure.
51 AAOOOAT AET ¢ xEI AEOA T OECET AT A AUT AIi EAO OAPOAOGAT OO A
Ox E AB AW A ithat réquires multidisciplinary research 2. Materials and methods
efforts (Chapin et al. 2008. Local and Indigenous knowledge
is crucial for understanding placeA AOA A  ODP A A E £A D.1.1S4udy arealat®dommunities
biographies: ignition, expansion, and termination, and pro Our study area is in eastern Siberia. It covers 2.4 mil-
viding valuable lessonson x E | Ag&@rhance(Rutherford  lion ha and has a lot in common with other Arctic and
and Schultz2019; Rooset al. 2021). Indigenous people and  subarctic regions, such as harslelimatic conditions, preva
non-Indigenous old settlers are known for protecting forests lence of permafrost, isolation, presence of traditional Indige
fromx E1 A &dehuetal.2021). Forexample,accordingto  nous cultures and land use practices, and high economic-de

EvenkiepOQOAT T 11T GUR xEI AEZOAO AOA pén@ehcd lort dktfactidelind(strids. Thé @da® nnualGem

selfaddressingthe needof the main spirit of natural environ- perature ranges betweeni 3.3 T and1 3.5 T (Ludi 2008).

ment Buya regeneration [avrillier and Gabyshev 2017. More- The winter lasts from October to May with the average Jan

I 6Aoh AAAE AOAh AOAT OEA I-T Auarf lemperktdre £ddnd@dsirc. Wilter tethpofatufes hex T (

its, whom Evenkifeedby offering food before meals.Sciencg low 7150 T are common, and annual precipitation is low
Indigenous knowledge collaboration through community- (3007400 mm/year). The area is dominated by the Siberian bo

engagedparticipatory researchis neededfor x E | ApfE@eA-  real forest (taiga). It is located at the boundary between con
tion and mitigation (Tymstra et al. 2020). However, there is  tinuous and discontinuous permafrost zones and exhibits a

2 Arctic Science 00: 11 15 (2022) | dx.doi.org/10.1139/AS-2021-0042



http://dx.doi.org/10.1139/AS-2021-0042

~
-
<

Arctic Science Downloaded from cdnsciencepub.com by 173.79.194 G& 212

‘ Canadian Science Publishing

complex pattern of permafrost conditions. In recentyears, for x E 1 A A&@ #hdskdon the e seasonof 2016, when lo-
OEA AOAA EAO AAAT AEEAAOAA ANAITOERA GH AAG AAGD ATAA OAEQ GAARO AD EARA OIETOG
observed across many Siberian boreal forest regionK(illina area.

et al. 2020. In addition to these interviews, information on we 1 A O A
The study areais sparsely populated with only two villages  control practices along informal roads and further details
in the entire study region: Tokma and Verkhnemarkovo. Itis AAT OO0 xEI AAOA POI PACAOEITT AT A

the homeland for Evenki, Indigenous people reliant on sub in 2021 by phone conversations with two local hunters and

OEOOAT AA AAOEOEOE AganddahéringAl® rEpfebebiatives of akddstEcompany and an oil company.
the village of Tokma, population is estimated at 54 people These conversationswere used to solicit feedback on re

AT A AT 1T OEOGOO 1T £ wOAT EE Al A 2oOt@OsEnsdddat@dnalydis (s06béd), iA gadicular toddnA D
ulation of Verkhnemarkovo is about 2000, mostly Russians, textualize remotely sensed observations and identify poten

but there are also representatives of other ethnicitesrbom OEAT OA1 AGET T OEEDPO AAOxAAT- O A
different parts of the former Soviet Union who came here in gation. We discussedremote sensingdatawith local residents
the Sovietperiod to work in the oil and gasindustry. Thereis AT A OI 1 EAEOAA Al 11 61 EOU AAAAAA
a small Evenki population. We createda2016 map of roadsthat includeslocation, road

type and function, and access regimes. The road functions

encompass subsistence roads, geological roadinéar clear-
2.2. Methods ings of trees and vegetation to allow vehicles driving down

In our research,we applied atransdisciplinary community-  the lines and putting explosivesin the ground to examine

engagedparticipatory methodology (Alexanderet al. 2011) by oil and gasunderground), forest, and oil serviceroads.By ac
combining methods of socialresearch(interviews and obser- cess regime the roads vary from public access (subsistence
vations) with the analysis of remote sensing data to obtain and public roads), roads with monitored access (public and
comprehensiveand nuancedinformation aboutx E 1 A A8© A @ivate forest roads),and roadswith restricted access (oil ser
tegrating community data and remote sasing presents an vice roads). To create this map, we used a combination of
opportunity to triangulate and contextualize information medium- and high-resolution satellite imagery (Landsat,Sen
and thus produces new insights into the relationship be tinel, DigitalGlobe), topographic maps, infrastructure devel
OxAAT EOI AT AAOEOGEOU j O AAOQ AdmAnt meAring documénisOvinistty EOAECABnOCDAVEIBPE  x A ¢
conducted in continuous collaboration with local and Indige =~ ment 2020), and the data from the interviews. We manually
nous communities and stakeholders in the village Tokma, digitized roads using the ArcGIS software. We calculated the
from the very beginning of the study. Importantly, the topic length of eat type of road.

of this researchwas chosenbasedon local concernsthat com- For detecting x E 1 A dR@akteristics, extent, and timing
munities expressed to the authors, and researcbbjectives during the 2016 season,we used several remote sensing
were developed with the community input. Community en Ol OOAAOG AT A 1T AGET AO8 &EOOOK xA

gagement was maintained at all stages of the study. One of on thermal anomalies from Moderate Resolution Imaging

the authors has been a community member and scholar and Spectroradiometer (MODIS) and Visible Infrared Imaging Ra

served as a project liaison. diometer Suite (VIIRS) imagery Justice et al. 2002Schroeder
Tounderstand x E | AnB@aiementpracticesin the study et al. 2014; Giglio et al. 2016). The archived data from these

AOAAR A£OOOh xA AgAi ET AA Al A OimAdeivar® ébiained #ok O A G EFr®Ihf@gmato® foARe AT A

regulations on x E 1 Ap#e@eltion, monitoring, and suppres- source Management System (FIRMS)itps:/earthdata.nasa.g
sion by federal, regional, and municipal authorities as well ~ ov/firms ), part of . ! 3 ! Earh Observing System Data and
AO A@GEOOEI C ET &£ Oi AGETT 11  x EnfornaHASysien (EaktigAtd 2821;Grire infrnAtinEfd A O

by private companies. We also collected data for the Tokma  Resource Management System 2021). The data were docu-

weather station from the rp5.ru website to provide a context mented in a point-based vector data format (i.e., OE AD A &£l A (

I £ xAAOEAO AT 1T AEOQEI T O AOOET ¢ with Anform@ibnAo/EEEA @&urrence, Ate location, the logi-
Interviews with local residents formed a major sourceof cal criteria used for the Ae selection, detection AT T £AAT AA

information for gathering community observations and con AOA OAAEAOEOA PI xAO j&20qQh -AT A

AAOT 68 )1 DPAOOEAODI AOh xEOI-AOOEAGAEDN EOAE AGDAEEOBDA OBABAAD

tained from interviews and observations collected in 2016 AT A 1TTAACETTO & O OEA AAOAAOQEI
(18 recorded interviews with diverse local residents) and 2018  and timing. The FRPinformation was used to determine the

(one recorded interview with a hunter and two unrecorded AOA EI1 QAdsté Et@ILL0GI. We manually removed gas
conversationswith hunters). The in-depth interviews, specif Kares that take place in the oil production sites as they have

ically focused on informal road network development and stable temperatures and locations in contrast with x E1 A £O0A O
EOO Ei PAAO i1 OEA AT OEOI T 1-Al OWe &siimateddna Buined aseaxextédnrbdachix E k ABAA A
lected in 2020 and included nineinterviews with local com- ing object-based image analysis (OBIA) methods based on

munity members. In addition, we used participant observa Sentinel2 and Landsat8 data. Sentinel2 and Landsat8 data,

tions travelling by roads in winter. Based on interviews, we  having spectral channels in the mid-infrared range, accu
distinguished three main areas of local concerns pertaining rately O A K A& Burned areas (Quintano et al. 2018). OBIA
tox E1 A As@dinéigork developmentasa source of Ake ig- methods provide a more reliable and realistic border com-
nition, road impact of x E | Asfir@ali, and roads as barriers pared to pixel Al A OO E rédthhd EBlakchke 2010; Sizov

Arctic Science 00: 17 15 (2022) | dx.doi.org/10.1139/AS-2021-0042 3
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Fig. 1. Study area (created using the ArcGlISsoftware with basemapfrom ESRI(projection WGS84/UTM48N)).
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etal.2020a,2020b). Theweb service SentinelPlaygroundwas

and removal of areas with preserved vegetation within the

used to search for archived cloudless and snowless images burned area.

(Sentinel Hub 2021). During the search, the images were ab

To determine the role of roads asbarriers for x E1 A &0 A O

tained for the period precedingignition, during the x E 1 A AQifs @driation by road type, we E A AT Qite &fark of roads

AT A AEOAO OEA xEI AEOAO EAOA
images within the boundaries of the extent of each burned
area using the GoogleEarthEngine geglatform, which con-
tains the complete archives of the Sentine2 (S2) and Landsat
8 (L8) surveys available for analysis and processinge@rth
Engine Data Catalog 202a (Sentinel2) and Earth Engine
Data Catalog2021b (USGS))AOE C 1 Ea@adtdgédver the
CopernicusOpenAccessHub (ESA)serviceis that all datasets
are available online Copernicus 202]). For each scene, all
multispectral channels of processing level 2A (CEOS) were
downloaded in GeoTiff (16 bit) format with the original spa
tial resolution (10 m/S2; 30 m/L8) in the UTM48N(WGS84)pro-
jection.

To obtain the boundary of each burned area, we used seg
mentation of the corresponding S2 image (the closest in
AAOA O1I OEA AT A 1 £ -sx&dMeddSHiQ
tool with the 50-pixel minimal size of the segment in the
open OrfeoToolbox7.0.0software (Orfeo ToolBox2021). The
tool is based on the MeanShift algorithm, which is sensitive
to spatial resolution and adapted for processing volumetric
rasters (Comaniciu and Meer 2002 From the resulting vee
tor line layer, a spatial sampling of segmentswas carried
out based on comparison with points of thermal anomalies
from FIRMS products, a synthesized image using mediulR
channels, and the NBR index (Normalized Burn Ratio). Seg
ment selection was performed using spatial queries and vi
sually in manual mode using the ArcGIS software. In some
cases, manual editing of segment boundaries was carried
out, mainly in terms of their division into smaller fragments

dsihditdkmigal bauAdaried oktfiex IE A A lBDrdedddad). O A A
addition, for each burned area we analyzed distance from-ig
TEOGETT 1TAAOQGETTO O AEAEAEAOAT O
boundaries formed by different types of roads.

3. Results

3.1. Main forest users and road infastructure

in the study area

According to the official estimates, the study area has
sparseinfrastructure developmentwith the density of public
roadsonly 16.2 km per 1000 squarekm. Thevillage of Tokma
hasseasonaltransportation accessby an official 100 km-long
municipal winter road connecting the village with the fed
er@l GvibflerCroad @ A E O TA E3iggh B) EHBWever, the region
is experiencing a boom of extractive industrial deviepment
(oil andforestry), which OE C1 E /RaAdedinie ldndscapes
by developing new infrastructure, including informal roads
(Kuklina et al. 2020. To cope with the lack of publidnfras-
tructure, each ofthe forest usersdevelopeda distinct system
of roadways that co-exist in spaceand may overlap, although
such overlappings are rare. While most informal roads have
seasonalcharacter,they canbe usedyear round by all-terrain
vehicles Fig. 2.

The subsistence forest use by Tokma villagers is mostly
controlled by an obshchina(a noncommercial organiza-
tion formed by Indigenous and other local residentsfor
conducting traditional subsistence activities) with 1.7 mil-

Arctic Science 00: 11 15 (2022) | dx.doi.org/10.1139/AS-2021-0042
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Fig. 2. Roadnetwork by type (created using the ArcGISsoftware with basemapfrom ESRI(projection WGS84/UTM48N)).

lion hectares of land Fig. 2 allocated for traditional use
i Ascsh EOT OEI Ch AEOEET Cdompaded
of hunting plots managedby 20 hunters from Tokma and
33 hunters from the neighboring Evenki village of Bur. The
hunting plots are connected by the system of subsistence
trails that have widths of 226 m. In Verkhnemarkovo, hunt
ing plots are manayed by the local branch of the Irkutsk re
CEITTAIl DOAITEA 1T OCAT EUAOQGEITT 1
Geological exploration has been present in the area since
the 1960s. The traditionally used territories around the vit

every 4z5 km for heavy machinery along which the testing is

EAOGRADETICO68 4£ED EBQDODB EBI AT A

discoverednearthe village of Markovo in 1962, and therefore
receivedthe nameMarkovskoye.To developthis Zeld, the vil-
lage of Vekhnemarkovo was formed on the opposite bank
of the Lena River and largescale exploration work began in
this area (Saxinger et al. 2018 In the 1970s near the terri
fary Bf @dditoAaDIénd sk ohATokim@reskdénts doBgistsdis-
covered the Yaraktinskoie oil deposit fkutsk Oil Company
2019). Currently, geological exploration is conducted by 3D

lages have been explored by applyingthe $ OAEOI-EAOAEIN EEAM OAKAAOETT 1 AOET AOh

tion method that requires straight clearingsto create roads
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